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Abstract 

We investigate the spectral features of accretion flows composed of an outer cool, optically thick disk and inner 
hot, optically thin, advection dominated accretion flows (ADAF) within the framework of disk and corona with 
mass evaporation (Liu et al. 2002a). In this work, both the magnetic field and Compton scattering of soft photons 
from the disk by electrons in the corona are included to calculate the evaporation rates at different distances. The 
disk is truncated at the distance where the evaporation rate equals to the accretion rate (mcvap(?'tr) = in). For a 
series of accretion rates, the corresponding truncation radii are calculated out, with which we are able to calculate 
the emergent spectra from the inner ADAF + outer disk + corona. At very low accretion rates, the spectra are 
similar to that of a pure ADAF because the disk is truncated at large distances. The disk component becomes 
important at high accretion rates since the truncation occurs at small distances. An anti-correlation between the 
Eddington ratio ^ = io.5-25kev/iEdd and the hard X-ray photon index r3_25keV at low/hard states is predicted 
by the model. Comparing the theoretical results with observations, we find that our model can reproduce the anti- 
correlation between the Eddington ratio ^ and the hard X-ray photon index observed for the X-ray binary XTE 
J1118H-480. 
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1. Introduction 

Accretion onto stellar black hole is the most widely accepted 
scenario for reproducing the different spectra in black hole X- 
ray binaries. Generally, there are two basic spectral states, i.e. 
the high/soft state and the low/hard state (Esin et al. 1997; Van 
de Klis 1994; Nowak 1995; Tanaka & Lewin 1995; Tanaka 
& Shibazaki 1996; for reviews see Remillard & McClintock 
2006 and Done et al. 2007). In the high/soft state, the accre- 
tion occurs dominantly via a cool, optically thick disk (Pringle 
& Rees 1972; Shakura & Sunyaev 1973; Mitsuda et al. 1984; 
Frank et el. 2002), while in the low/hard state, the accretion 
dominantly via a hot, optically thin advection dominated accre- 
tion flow (ADAF) or radiative inefficient accretion flow (RIAF) 
(Rees et al. 1982; Narayan & Yi 1994, 1995a, b; Abramowicz 
et al. 1995; Narayan 2005; Kato et al. 2008). Detailed fits 
to the observational spectra show that in the high/soft state 
the disk extends to the innermost stable circular orbit (ISCO), 
while in the low/hard state, the disk truncates at some radius, 
and from the truncation radius inward the disk is replaced by 
an ADAF or RIAF (Kawabata & Mineshige 2010). The spec- 
tra in the low/hard state is characterized by a hard power law 
(r ~ 1.5 — 2.1) peaking at ~ 100 keV, and sometimes accom- 
panied by a low-temperature thermal component (Esin et al. 
2001; McChntock et al. 2001; Done et al. 2007). The hard 
power-law component is believed to be produced by the inner 
hot ADAF or RIAF, and the thermal component by the trun- 
cated disk (Esin et al. 2001; Done et al. 2007). 



Several theoretical models are proposed to be potential 
mechanisms for the disk truncation in the low/hard state for 
black hole X-ray binaries (Honma 1996; Meyer, Liu & Meyer- 
Hofmeister 2000b; Manmoto & Kato 2000; Lu et al. 2004; 
Rozahska & Czerny 2000; Spruit & Deufel 2002; Dullemond 
& Spruit 2005). The disk-corona evaporation model (Meyer 
& Meyer-Hofmeister 1994; Meyer et al. 2000a, b; Liu et al. 
2002a) can naturally explain the transition between the outer 
thin disk and the inner ADAF/RIAF The interaction between 
the disk and the corona leads to mass evaporating from the disk 
to the corona. When the mass accretion rate in the disk is lower 
than the evaporation rate from the disk to the corona, the disk 
is truncated. For given mass of black hole and accretion rate, 
the truncation radius is determined by the evaporation model. 
Therefore, we can calculated the radiative spectra from the in- 
ner ADAF, the outer disk and corona. 

Thanks to the rapid progress of the observational techniques, 
more detailed data for the multi-wavelength spectra are avail- 
able for studying the evolution of the truncation radius of the 
disk with mass accretion rate in black hole X-ray binaries 
(Cabanac et al. 2009). The evolution of X-ray spectra with 
mass accretion rate has been also investigated in both AGNs 
and black hole X-ray binaries (Esin et al. 1997; wang et al. 
2004; Gu et al. 2009; Wu et al. 2008; Liu et al. 2009). Here, 
for the first time, we calculate the emergent spectra from the 
disk and corona, and the inner ADAF caused by the mass evap- 
oration. We then compare the theoretical spectra of our model 
for different mass accretion rates with observations. 
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In this work, we perform more detailed calculations to study 
the evaporation and disk truncation in the low/hard state. Both 
the cooling by Compton scattering of the disk photons and the 
magnetic field are included to calculate the evaporation rates, 
which makes our solution more self-consistent. We obtain a 
fitting formula for the truncation radius as a function of mass 
accretion rates. Then, we calculate the emergent spectra from 
the inner ADAF, the outer disk and corona for different mass 
accretion rates. The dependence of the hard X-ray photon in- 
dex on the mass accretion rate is derived. From the theoreti- 
cal spectra, we find an anti-correlation between the Eddington 
ratio ^ = io.5-25kcv/iEdd and the hard X-ray photon index 
r3-25kcV, which is consistent with observations for the black 
hole X-ray binary XTE J1118H-480 (Wu et al. 2008). 

The paper is organized as follows. In section 2 we briefly 
describe the disk-corona model. In section 3 we present the 
numerical results, and in section 4 comparison with observa- 
tions. The discussions and conclusions are given in section 5 
and section 6. 

2. The Model 

We consider a hot corona above a geometrically thin stan- 
dard disk around a central black hole. In the corona, viscous 
dissipation leads to ion heating, which is partially transferred 
to the electrons by means of Coulomb collisions. This energy 
is then conducted down into lower, cooler and denser corona. 
If the density in this layer is sufficiently high, the conductive 
flux is radiated away. If the density is too low to efficiently ra- 
diate the energy, cool matter is heated up and evaporation into 
the corona takes place. The mass evaporation goes on until an 
equilibrium density is established. The gas evaporating into 
the corona still retains angular momentum and with the role 
of viscosity will differentially rotate around the central object. 
By friction the gas looses angular momentum and drifts inward 
thus continuously drains mass from the corona towards the cen- 
tral object. This is compensated by a steady mass evaporation 
flow from the underlying disk. The process is driven by the 
gravitational potential energy released by friction in the form 
of heat in the corona. Therefore, mass is accreted to the cen- 
tral object partially through the corona (evaporated part) and 
partially through the disk (the left part of the supplying mass). 
Such a model was proposed by Meyer & Meyer-Hofmeister 
(1994) for dwarf novae, established for black holes by Meyer 
et al. (2000a) and modified by Liu et al. (2002a) where the 
decoupling of ions and electrons and Compton cooling effect 
are taken into account. Further updates by Meyer-Hofmeister 
& Meyer (2003), Qian et al. (2007) and Qiao & Liu (2009) are 
also included in this study. For clarity, we list the equations 
describing the physics of corona as follows. 

Equation of state 



p=^{T,+T,)r\ 



(1) 



where /i = 0.62 is the molecular weight assuming a standard 
chemical composition {X = 0.75, Y = 0.25) for the corona, /3 
is the ratio of gas pressure Pg to total pressure P {P = Pg + 
Pin, where P,„ is magnetic pressure). For convenience, we 
assume the number density of ion rii equals to that of electron 



no, which is strictly true only for a pure hydrogen plasma. 
Equation of continuity 



d 
dz 



{pvz 



2z 



VM^RVK 



i?2 + 22 



PWz 



(2) 



where wj^ = — a-^ is the radial component of velocity, T4 = 

(-)^/2 is the isothermal sound speed, v^ = \/^(l + f^)"^/^ 
is the angular component of velocity (for the detailed derivation 
of Wip, one can see Meyer et al. 2000b). 

Equation of the z-component of momentum 
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The energy equation of ions 
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(P2 + 22),_ 

where rjM is the mass advection modification term and ?7e 
is the energy modification term. We take t^m = 1 for the 
case without consideration of the effect of mass inflow and 
outflow from and into neighboring zones in the corona, and 
?7e = '?M + 0.5 is a modification to previous energy equations 
(for details see Meyer-Hofmeister & Meyer 2003). il is the an- 
gular velocity of the corona, 17 = w ^^(1 + ^)^^^^ (for the 
detailed derivation of H, one can see Meyer et al. 2000b). gie 
is the exchange rate of energy between electrons and ions. 
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where mi and TOc are the proton and electron masses, k is the 
Boltzmann constant, c is the light speed, ctt is the Thomson 
scattering cross section and In A = 20 is the Coulomb loga- 
rithm. 

The energy equation for both the ions and electrons 
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where naniL{T) is the bremsstrahlung cooling rate and F^ 
is the thermal conduction (Spitzer 1962), 






(8) 



with Kg = 10 ®ergs ^cm ^K ^/^ for fully ionized plasma. 
<7Comp is the Compton cooling rate. 
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AkTc 

gComp = nncCTTC^ 
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with Toff the effective temperature of the underlying thin disk 
and a the radiation constant. 
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where 7\/d(i?) is the mass accretion rate in the thin disk, which 
depends on the distance because of evaporation. 



Afd(i?)=A/-Afevap(i?), 



(11) 



With M the mass transfer rate from the secondary, which is as- 
sumed equal to the mass accretion rate in the most outer region 
of the accretion disk and A/ovap the integrated evaporation rate 
from the outer edge of the disk to the distance R. 

All other parameters in above equations are under standard 
definitions, and are in cgs units. The five differential equations, 
Eqs. (2), (3), (4), (7), (8), which contain five variables P{z), 
Ti{z), To(z), Fc{z), and m(z)(= pv^) can be solved with five 
boundary conditions. 

At the lower boundary zo (the interface of disk and corona), 
the temperature of the gas should be the effective temperature 
of the accretion disk. Previous investigations (Liu, Meyer, & 
Meyer-Hofmeister 1995) show that the coronal temperature in- 
creases from effective temperature to 10^'^K in a very thin 
layer and thus the lower boundary conditions can be reason- 
ably approximated (Meyer et al. 2000a; Qian et al. 2007) as, 

Fc = -2.73 X 10^/^P at z = Zo- 



(12) 



At infinity, there is no pressure and no heat flux. This requires 
sound transition at some height z = zi . We then constrain the 
upper boundary as, 

Fc = and Vz = Vs at z = Zi. (13) 

With such boundary conditions, we assume a set of lower 
boundary values for P and m to start the integration along 
z. Only when the trial values for P and m fulfill the upper 
boundary conditions can the presumed P and rh be taken as 
true solutions of the differential equations. 

3. Numerical Results 

In our calculation we fix the central black hole mass as M = 
6Mq, viscosity parameter as a = 0.3, and assume equiparti- 
tion of gas pressure and magnetic pressure, i.e., /3 = 0.5. The 
evaporation rate is calculated from the vertical mass flow at the 
lower boundary, mo = pv^, and is then integrated in the radial 
one-zone region, Mevap ~ 2TrR^mo- This integrated evapora- 
tion rate represents the mass flowing rate in the local corona if 
there is no gas supply except for the mass transfer from the sec- 
ondary in a binary system. If the mass transfer rate M is less 
than the maximum evaporation rate, the thin disk will truncate 
at the radius i?ti where the accretion rate equals to the evap- 
oration rate. The region from the truncation radius inward is 
filled with a hot ADAF and the region from the truncation ra- 
dius outward there is a thin disk, above which there is a hot 
corona providing the material for the ADAF. If the mass trans- 
fer rate Al is higher than the maximal evaporation rate, the thin 



disk will extend down to the ISCO, only a very weak corona 
exists above the thin disk. 

3.1. The Evaporation Features and Disk Truncation 

Figure 1 shows the evaporation curves for different mass 
accretion rates. Here the evaporation rate is scaled with 
the Eddington accretion rate, A/Edd = L^dd/v^^^ = 1-39 x 
10^^ Al / Mq gs^^ (where 77 = 0.1 is the energy conversion ef- 
ficiency) and the radius is scaled with the Schwarzschild ra- 
dius, i?s = 2GM/c^ = 2.95 x lO^M/Mgcm. As the first step, 
we neglect the effect of Compton cooling in the corona asso- 
ciated with soft photons emitted by the underlying thin disk. 
The evaporation rate without Compton cooling is shown by the 
solid curve in Figure 1 . Taking into account the Compton ef- 
fect, we calculate the evaporation rates for a series of accre- 
tion rates. For Al = 0.005 A/Edd, the evaporation curve is al- 
most the same as the case without considering the Compton 
cooling, which can be seen from Figure 1 for the long-dashed 
line. We get an analytical formula between the mass accre- 
tion rate and the truncation radius by fitting the numerical re- 
sults without Compton cooling, which is suitable for the case 
of M < 0.005 AfEdd, that is. 



rtr = 2.215m 



-0.776 



(14) 



where m is scaled with Eddington accretion rate and rt, is 
scaled with Schwarzschild radius. Using this formula, the trun- 
cation radius is 200 i?s for M = 0.003 A^Edd and 471 i?s for 
M = 0.001 A/Edd respectively. 

With increase of the mass accretion rate, the evaporation 
is suppressed by the strong Compton cooling. For A/ = 
0.008 i\/Edd, the evaporation curve deviates the case without 
considering the Compton cooling, and the evaporation rate be- 
comes weaker. However, the deviation is slight and the thin 
disk truncates at around 78.5 /?s, which is not quite differ- 
ent from the case without the Compton cooling, one can see 
the dot-dashed line from Figure 1 . Increasing the mass accre- 
tion rate further to A/ = 0.01 A/Edd, the evaporation becomes 
very weak, and the thin disk truncates at a relative small ra- 
dius 40i?s- For clarity, we show the relation between the mass 
accretion rate and the truncation radius with the Compton cool- 
ing of the soft photos from the thin disk to the corona in Figure 

2. The truncated disk corona plus ADAF geometry described 
above corresponds to the low/hard state. 

In order to check whether the inner ADAF solution can con- 
nect with the outer disk-corona solution smoothly, we take 
A/ = 0.01 A/Edd as an example to demonstrate the distribu- 
tion of the temperature along radial direction. The thin disk 
truncates at about 40 /?s for A/ ~ 0.01 A/Edd- From Figure 

3, we can see the ion temperature of the outer corona connect 
with the inner ADAF well (the dashed line). The radial dis- 
tribution of ion temperature is similar to the virial temperature 
(Tj oc R^^) (the solid line). However, the electron temperature 
of the outer corona is lower than that of the inner ADAF (the 
dotted line). This can be understood as follows. Because of the 
presence of the cool thin disk underneath, the cooling of the 
corona by electron thermal conduction between the corona and 
the underlying thin disk is much more efficient than that of the 
radiative cooling, thereby leads to a lower electron temperature 
of the corona than that of the ADAF. 
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With increase of the mass accretion rate further for M = 
0.011 MEdd, the evaporation rate decreases severely. Because 
the peak value of the evaporation rate is less than 0.011 A/Edd, 
the thin disk extends to the ISCO, and only a weak corona ex- 
ists above the disk, we can see the dotted line from Figure 
1. This configuration corresponds to the high/soft state, and 
this accretion rate corresponds to the critical accretion rate be- 
tween the low/hard state and high/soft state transition. We note 
that the critical accretion rate M = 0.011 A/Edd is less than the 
previous result, M « 0.03 MEdd, from our model for a = 0.3 
(Meyer et al. 2000a, b; Liu et al. 2002a; Qiao & Liu 2009). 
This is because the Compton cooling of the soft photons from 
the thin disk to the corona is considered. The inverse Compton 
scattering will make the cooling in the corona more efficient, 
and then suppresses the evaporation, thereby leading to a rela- 
tive smaller evaporation rate. 

3.2. The Spectra of Disk and Corona in the Low State 

If M < 0.01 MEdd, the thin disk is truncated by mass evap- 
oration. With determination of truncation radius as described 
in section 3.1, we can calculate the emergent spectra from the 
inner ADAF/RIAF and outer disk and corona. We describe the 
ADAF/RIAF by the self-similar solution (Narayan et al. 1994, 
1995b), and the region from the truncation radius outward by 
two phase disk-corona accretion flows. The physical quanti- 
ties for calculating the emergent spectra are the distribution of 
the density p, Thomson scattering optical depth t^s and elec- 
tron temperature T^ along radial direction. The contribution of 
the accretion flows to the spectra includes two parts, the inner 
ADAF/RIAF and the outer disk and corona. 

For the inner ADAF, we follow the work of Narayan et al. 
(1995b). The density p and electron Thomson scattering opti- 
cal depth Tos are, 

(15) 
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with / the fraction of viscosity dissipated energy which is ad- 
vected. The energy equation of ions, electrons and the state 
equation are (Narayan et al. 1995b), 



q+ = fq+ + g"= 

q''= = q- 

Ti + 1.08re = 6.66x lO^^^cgr-i, 



(17) 



where q^ is the viscous dissipation of energy per unit volume. 



g"^ is the exchange rate of energy between electrons and ions 
per unit volume, and q~ is the cooling rate of the electrons per 
unit volume. The expression of q+, q'° and q~ can be found in 
Narayan et al (1995b), i.e., 

(7+ — 1.84 X lO^-'^e'cg m^^mr~^ ergs cm^^ s^"', 
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(18) 



where the K' s are modified Bessel functions, ^j,;.,^, (Zsynch' 

9br.m,c' ^synch.c 9disk,c ^re the brcmsstrahlung cooling 
rate, synchrotron radiation rate, the cooling rate by the 
Comptonization of bremsstrahlung radiation, synchrotron radi- 
ation and the soft photons emitted by the outer disk. Given a, 
/3, m, m and r, we can calculate the coronal quantities Te, T{, p, 
Tcs from equation (15) to equation (18). Here, for the electron 
radiation cooling term q^, we add the soft photons which come 
from the outer truncated thin disk to be scattered by electrons 
in the inner ADAF. This cooling term is determined by the size 
of the truncation radius of the thin disk, which can be obtained 
from our calculation as described in section 3.1. With p, t^s 
and To determined, we can calculate the emergent spectra from 
the inner ADAF. 

As the first step, we calculate the Bremsstrahlung and 
synchrotron radiation from the inner ADAF. Adopting the 
Eddington approximation and the two-stream approximation 
(Rybicki & Lightman 1979; Manmoto et al. 1997), the radia- 
tive diffusion equation in the vertical direction is solved, and 
the radiative flux is given by 



2tt 



v3 



(19) 



where B^, is the plank function, t* = {tt^)k^H is the vertical 
absorption optical depth. Assuming local thermodynamic equi- 
librium (LTE), we can write k^ = Xu/^t^B^, Xv = Xi^,brcsm + 
Xi^.synch IS the total emissivity, Xi^.brcsm the bremsstrahlung 
emissivity and Xf.synch the synchrotron emissivity (for the 
detailed expression for Xi/,bresm and Xi^.synch see Narayan et 
al. 1995b). Photons emitted in the Bremsstrahlung and syn- 
chrotron processes can be scattered by electrons in the ADAF 
(self-Compton scattering). With known spectra of soft pho- 
tons (equation (19)) and ADAF structure (Tg and Tcs), we cal- 
culate the local Compton scattering spectra in terms of multi- 
scattering method (Coppi & Blandford 1990). We integrate 
this local Compton radiative spectra from the ISCO to the trun- 
cation radius i?tr and get the whole emergent spectra of the 
inner ADAF. The method we used here separates the inverse 
Compton scattering process from other emission and absorp- 
tion processes. Because the optical depth is relative small 
(r < 1), this treatment is a good approximation. 

For the outer disk corona, we get the density p, Thomson 
scattering optical depth t^s and electron temperature T^ of the 
corona from the self-consistent calculation of the disk-corona 
as described in section 2. For the disk corona in the vertical 
direction, there is a thin transition layer between the cool thin 
disk and the hot corona. The temperature of the transition layer 



No. 



The Spectral Features of Diak and Corona with Mass Evaporation in the Low/Hard State 



is about 10®'^ K, and the optical depth is relative small, so we 
neglect the Compton radiation from this layer. Because of the 
existence of the underlying thin disk, we add the soft photons 
flux i^jy.disk from the thin disk as the initial seed photon flux for 
the inverse Compton scattering. The total seed photon flux for 
the inverse Compton scattering is. 



K.'-lBAV 



-exp(-2y3T;)]+F, 



i/jdiski 




ttI^ = TrB^{Tcs),Tcs 



3GMMd 



^ > , Using the same method we have described for 

the ADAF to treat the Comptonization process, we get the local 
spectra of the disk and corona at given distance, then we start 
the integration from truncation radius i?ti to the outer boundary 
of the accretion disk (~ 3000 i?s) to obtain the whole emergent 
spectra of the outer disk and corona. 

Combining the contribution of both the inner ADAF and the 
outer disk and corona, we get the total emergent spectra of our 
model. The spectra are plotted in Figure 4 for mass accretion 
rates M = 0.001, 0.003, 0.005, 0.008, 0.01 MecIcI- For a lower 
mass accretion rate AI ~ 0.001 A/Edd, the disk truncates at 
471 Rs- Because of the large truncation radius, the radiation 
from the inner ADAF dominates over that of the outer disk 
and corona, as shown by the dotted curve in the first panel 
of Figure 5. The first peak of this spectrum is dominated by 
the self-absorbed synchrotron radiation of the ADAF. The hard 
X-ray spectra is dominated by the thermal bremsstrahlung of 
the ADAF. For M = 0.003 Mfidd, Aie spectrum is plotted in 
the upper, right panel of Figure 5. The thin disk moves in- 
wards and truncates at around 200i?s- In this case, the radia- 
tion from the inner ADAF still dominates over that of the outer 
disk and corona. However, the contribution of the truncated 
disk and corona to the first peak of the spectrum increases, and 
the Compton radiation of the ADAF becomes more important 
for the hard X-ray spectrum. With increase of the mass accre- 
tion rate, say, for M = 0.008, 0.01 AI-Edd, the thin disk moves 
inwards further, and truncates at 78.5 Rs, 40 Rs respectively. 
The first peak of the spectra is dominated by the radiation from 
the truncated disk, and the second peak around 100 keV in X- 
ray band is dominated by the Compton radiation of the inner 
ADAF, as shown by the lower panels of Figure 5. Here, we 
note that although the truncation radius is small (40 Rs) for 
M = O.OIA/Edd, the emission of ADAF is still more luminous 
than that of lower M with large truncation radius. This can be 
understood as, firstly, the luminosity of ADAF is proportional 
to il/^, so with increase of the accretion rate the luminosity in- 
creases; secondly, most potential energy of ADAF is released 
in the most inner region around the black hole within the frame- 
work of ADAF self-similar solution. 

The variation of the hard X-ray spectra with the mass ac- 
cretion rates is plotted in Figure 6. We demonstrate that 
the hard X-ray photon index r3_25kcV is anti-correlated with 
the mass accretion rate. This is because, with increase of 
the accretion rate, the Comptonization of the synchrotron 
and bremsstrahlung photons by the hot electrons becomes 
dominant. Therefore, the Thomson optical depth and hence 



Compton y-parameter increases, resulting in a harder X-ray 
spectra. 

If M > 0.01 il/Edd, the thin disk extends down to the ISCO, 
and above the thin disk only a weak corona exits as a conse- 
quence of strong external Compton scattering. The emission 
property in this case will be studied in the future. 



(20) 4. Comparison with XTE 1118h-480 



Observation shows there is a strong anti-correlation between 
the Eddington ratio ^ and the hard X-ray photon index T for 
the black hole X-ray binary XTE 1 1 18H-480 at low Eddington 
ratio ^ < 0.01. We compare this correlation with the prediction 
of disk and corona model. 

McCHntock et al. (2001) and Wagner et al. (2001) inde- 
pendently confirmed the orbital period to be 4. 1 hr (as previ- 
ously suggested by Cook et al. 2000; Patterson 2000; Uemura 
et al. 2000; Dubus et al. 2001) and determined the value of 
the mass function to be f{M) ~ 6.0Mq (Esin et al. 2001). 
The distance was estimated to be 1.8 ± 0.6 kpc (McClintock 
et al. 2001) and was took as rf = 2.9 kpc to model the multi- 
wavelength spectrum (Esin et al. 2001). By taking Al = 6A/0, 
viscosity parameter a = 0.3, the ratio of gas pressure to to- 
tal pressure /? = 0.5, we show our theoretical relation between 
the Eddington ratio ^ = Lo.5-25kcv/iEdd and the hard X-ray 
photon index r3_25keV in Figure 7 for a series of accretion 
rate M = 0.001,0.003,0.005,0.008, 0.01 MEdd- The pluses 
are the observational data (Wu et al. 2008) for taking the black 
hole mass as M = 6A/0, and the distance d = 2.9 kpc (Esin et 
al. 2001) (Note: We get the observational data from Wu et al. 
(2008). In the work of Wu et al. (2008) the black hole mass 
Al = 6.IM0 and the distance d=1.8 kpc are adopted to ob- 
tain ^. We recalculate the value of ^ by taking M = 6Mq and 
the distance d = 2.9 kpc). Because £, is related to the distance, 
we take different estimated distance for comparisons. The di- 
amonds are for d = 1.8H-0.6 kpc (McClintock et al. 2001), and 
the pluses for (i=1.8 kpc (Wu et al. 2008). One can see our 
theoretical results for the bigger distance d=2.9 kpc can fit the 
observational data better than that of (i=1.8 kpc. Due to the 
uncertainty of the measurement to the distance, our theoretical 
result can only reproduce this tendency of anti-correlation to 
some extent. 



5. Discussion 

5.1. The Effect of the Viscosity Parameter and the Ratio of 
Magnetic Pressure to Gas Pressure 

Throughout our calculations, the viscosity parameter and the 
ratio of magnetic pressure to gas pressure are fixed to a = 0.3 
and (3 = 0.5. Varying these parameters leads to a change of 
truncation radius at any given accretion rate (Qian et al. 2007); 
Qiao & Liu 2009). Nevertheless, the spectrum is only slightly 
affected by the truncation radius since the total emitted spec- 
trum is dominated by the inner ADAF, in particularly in the 
case of large truncation radii. Only when the truncation radius 
is as small as ^ lORs, where the Compton cooling of the soft 
photons from the outer disk to the ADAF becomes the domi- 
nated cooling mechanism, can the spectral index be largely af- 
fected. However, such a small truncation radius is very difficult 
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to reach according to our model. 

The viscosity parameter can also affect the critical transition 
rate (Meyer-Hofmeister et al. 2001; Qiao & Liu 2009). For a 
larger value, a > 0.3, the hard state extends to higher accre- 
tion rates, m > 0.01. In this case, the distribution of photon 
index as a function of accretion rate, as shown in Figure 6, can- 
not be changed much at low accretion rates (m < 0.01) or low 
luminosities since the truncation radius is large and hence the 
emitting spectrum is dominated by the inner ADAF. However, 
at high accretion rates (from m = 0.01 up to the state transi- 
tion rate), the disk is truncated at smaller radii, which could 
result in softer photon index than that shown in Figure 6. For 
a smaller viscosity, a < 0.3, the disk is truncated at larger dis- 
tances. The spectrum is hardly affected at any given accretion 
rates. Only the lower limit of the photon index (see figure 6) is 
larger because the predicted transition rate is lower 

5.2. The Challenge to the Disk Truncation 

The observation of XTE J1650-500 (Miller et al. 2002; 
Miniutti et al. 2004) and GX 339-4 (Miller et al. 2006a; b) 
demonstrates that the smeared iron line and reflection feature 
in the low/hard state are inconsistent with disk truncation. The 
claimed broadening and skewed iron line, which may be caused 
by the Doppler shift and strong general relativistic effect, re- 
quire that the thin disk extends to the ISCO (Fabian et al. 2000; 
Miller 2007; Done et al. 2007). Recently, the condensation 
of matter from a hot corona to a cool, optically thick inner- 
most disk is proposed for black hole transient systems in the 
low/hard state (Meyer et al. 2007; Liu et al. 2007; Taam et al. 
2008). This model may alleviate the contradiction that a thin 
disk exists near ISCO in the low/hard state. Present observa- 
tional technique can not directly diagnose whether the thin disk 
truncates at some radius or not (Young et al. 2000; Gicrlinski 
et al. 1997). Further more advanced instruments are expected 
to solve this problem. 

6. Conclusion 

In this work, we investigate the spectral features of accretion 
flows composed of an outer cool, optically thick disk and 
inner hot, optically thin, advection dominated accretion flows 
(ADAF) within the framework of disk and corona with mass 
evaporation. The disk is truncated at the distance where the 
evaporation rate equals to the accretion rate {mcva.pi'ftr) = rn)- 
We show the disk evaporation mechanism can connect the 
outer disk and the inner ADAF/RIAF smoothly. We calcu- 
late the emergent spectra of the disk and corona with mass 
evaporation in the low/hard state for different mass accretion 
rates. From the theoretical spectra, we find an anti-correlation 
between the Eddington ratio S, ~ io.5-25kcv/-^Edd and the 
hard X-ray photon index r3_25kcV, which agrees well with the 
observations for the black hole X-ray binary XTE Jl 1 18H-480. 
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Fig. 1. The evaporation rates along radial direction for different mass accretion rates. The solid curve corresponds to the evaporation rate without 
Compton cooHng of the soft photons emitted by the thin disk. The long-dashed Hne denotes the evaporation rate distribution along the radial direction 
for M = 0.005 M-Edd, the dot-dashed line for M = 0.008 M^dd, the short-dashed hne for M = 0.01 MEdd. and the dotted line for M = 0.011 
A^Edd- For M =0.005 M^dd^ M = 0.008 M^dd and M = 0.01 M^dd the thin disk truncates at around 135 Rs, 78.5 Rs and 40 Rs respectively. For 
M = O.OllAfEdd. the thin disk extends to the ISCO. In our calculation, M = GMq, a = 0.3 and /9 = 0.5 are adopted. 




Fig. 2. The dependence of the truncation radius on the mass accretion rate. M = 6Mq , a = 0.3 and /9 = 0.5 are adopted. 
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Fig. 3. The temperature versus the distance from the black hole for M = O.OlM^^^i. The solid line is for the virial temperature. The dashed Une and the 
dotted line are the ion temperature and the electron temperature distribution respectively. The lines in the left part of the vertical long-dashed line is for 
the inner self-similar solution of ADAF, and the right part is for the outer corona solution. M = 6A/0, a = 0.3 and /3 = 0.5 are adopted. 









1 10 100 1000 




37 




1 1 1 1 1 


1 ' ' 1 ' II' ' 1 ' II' ' 


: 








0=0.3 


■ 








^=0.5 


: 


36 






^ " V 


- 








^ ' ^ 










\ 


'■ 








., V 


\ 








''^.,'' .-'■' 


: 


^ 






.''■"\ .-•'■' \' 


: 


'» 35 




/ 




: 


^^ 




//.■■ 


■■ N^A 


! 


1^" 


r 


//x 


- 






!// / 


X . ■■ \* 


■ 






I'lf 


V '"-X 


: 






// 


^■^ \*i 


\ 


33 




If. 


^^"^-^ \ 


' 






/■.'/ 


\ i 


'. 






W 


\ \ 


\ 


32 




.//,', . . . 


1 . , . 1 . , , 1 \, -i, 


'■ 



16 18 

lg(i/) (Hz) 



Fig. 4. The emergent spectra of disk and corona with mass evaporation. The curves from the bottom up are the emergent spectra for M = 0.001, 0.003, 
0.005, 0.008, 0.01 A/Edd respectively. M = 6Mq, a = 0.3 and ^ = 0.5 are adopted. 
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Fig. 5. The emergent spectra of disk and corona with mass evaporation for different mass accretion rates M = 0.001,0.003,0.008,0.01 Me^j. In each 
plot, the dashed line is the spectra of the inner ADAF and the dotted hne is the spectra of the outer disk-corona. The solid line is the sum. Wl = 6Mq , 
a = 0.3 and j3 = 0.5 are adopted. 




Fig. 6. The dependence of the hard X-ray photon index on the mass accretion rate. M = 6Mq, a = 0.3 and /3 = 0.5 are adopted. 
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Fig. 7. The anti-correlation between the Eddington ratio ^ and the hard X-ray photon index r3_25kcV- The solid hne are our theoretical prediction 
assuming M = 6Mq, a = 0.3, /3 = 0.5. The pluses denote the observational data of X-ray source XTE Jl 118-1-480 for distance d = 2.9 kpc. The 
diamonds in the first inset are for d = 1.8-1-0.6 kpc, and the asterisks in the second inset are for d = 1.8 kpc. 



